Increasing input of nutrients is leading to significant eutrophication in aquatic systems across the globe. Toxin production in those blooms is correlated with high cell density. A study was done to investigate the effects of initial cell density on the growth rate of the potentially toxic cyanobacterium Microcystis aeruginosa, in unfiltered lake water as well a common algal growth medium under laboratory conditions. Five treatments were established in the laboratory varying the initial cell density of M. aeruginosa and the growth medium. Unfiltered lake water was inoculated with a low, medium, and high initial cell density and Bold's medium was inoculated with low and high initial cell densities. There was a significant difference in final cell density between the lake water treatments with the high inoculum of cell treatment reaching the highest final cell density. There was also a significant difference in final cell density between the Bold's medium treatments. These results indicate there is a relationship between initial cell density of M. aeruginosa and final cell density, however, the results are similar when nutrients are available. Diverse algal communities can keep toxin producing algae in low density therefore precluding the need of toxin production.
Introduction
Rapid growth and acceleration of phytoplankton biomass, usually associated with eutrophication, is commonly termed as an algal bloom [1] [2] . Algal blooms effect the environment and humans in a variety of ways including the potential production of toxins that can affect humans and other biota [3] . Algal blooms can also reduce nutrients, decrease the photic zone, and deplete dissolved oxygen causing hypoxia or anoxia [4] [5] , creating an environment that is not suitable for surrounding biota. These blooms form unsightly scums in surface water, reducing the aesthetic and recreational value of effected systems.
There are numerous phyla of phytoplankton that can form blooms including Chlorophyta, Dinophyta, Cryptophyta, Chrysophyta, and Cyanobacteria. The most widespread and problematic phylum that blooms in freshwater systems is cyanobacteria [1] . Cyanobacteria have unique adaptations given their long evolutionary history including the ability to take up phosphorous in excess and store it for use in conditions where phosphorous is limited [6] . These unique adaptations allow cyanobacteria to proliferate in nutrient enriched and nutrient deficient conditions making them the most common nuisance alga in freshwater systems worldwide [1] . Given their long evolutionary history, production of toxins by cyanobacteria predated any possible grazers and some of these toxins are thought to be involved in a protective role in the oxidative stress response of cyanobacteria [7] .
Cyanobacteria blooms are extremely concerning because numerous species are capable of producing a range of noxious compounds and toxins [8] and in Europe, Asia and America roughly 40% of lakes and reservoirs are now eutrophic [9] , creating conditions favorable for cyanobacterial cell proliferation. It is estimated that 25 to 75 percent of cyanobacterial blooms are toxic [10] . Toxins produced by cyanobacteria during blooms have been linked to numerous health hazards in humans and animals including liver disease, cancers, and deaths [11] - [13] . Cyanotoxins are a diverse group of compounds with regards to their chemical structure as well as their biological effect. The increasing occurrence and intensity of cyanobacterial blooms, along with the myriad of potential toxins has created an urgent need for management and regulation of cyanobacteria growth in aquatic systems.
There is an increased abundance of cyanobacterial blooms globally, specifically blooms of the potentially toxic, colony-forming genus Microcystis [12] . The worldwide distribution of cyanobacterial blooms has not been coupled with research to understand bloom dynamics and the mechanisms underlying their formation remain poorly understood [14] . The difficulty in field studies is the existence and often co-existence of toxic and non-toxic strains of the same species within a genus that are morphologically and taxonomically similar [15] . Field experiments need to be coupled with laboratory experiments to better understand the dynamics leading to the proliferation of Microcystis populations.
This experimental study aims to investigate the effects of initial cell density on the growth rate of the potentially toxic cyanobacteria M. aeruginosa, in unfiltered lake water as well as common algal growth medium under laboratory conditions. The unfiltered lake water replicates natural field conditions and growth of M. aeruginosa in natural conditions from lake water can be affected by competition amongst co-occurring taxa. Wood et al. [16] demonstrated a marked increase in Microcystis cells to densities, which are already high, would cause a significant increase in Microcystis cell density and an increase in microcystin quota. Such results suggest that the initial cell density of M. aeruginosa will have an effect on the growth and proliferation of M. aeruginosa cells in natural conditions. The growth medium eliminates competitive pressures and replicates optimal conditions for growth of M. aeruginosa, however, a drawback of the growth medium is the lack of replication of natural conditions thus making it difficult to draw comparisons between lab results and field conditions. Low initial cell density of M. aeruginosa will reduce the growth of M. aeruginosa when compared to higher cell densities in both the unfiltered lake water and the common algal growth medium despite the lack of competitive pressures in the algal growth medium.
Materials and Methods

Cultures
Four cultures of Microcystis aeruginosa Kützing were obtained from the culture Collection of Algae at the University of Texas at Austin (UTEX 2061, UTEX 2063, UTEX 2385, UTEX 2386). All cultures were observed under 400× magnification to ensure the integrity of each culture and confirm taxonomic parameters. Images were taken and any discrepancies within the culture were documented. Cell density of each culture was calculated by conducting 100 cell counts on a Palmer-Maloney counting chamber (Thomas Scientific, #9853N10). The average biovolume for each culture was calculated by measuring at least 100 specimens and approximating the shape of each cell to a sphere [17] .
Experimental Medium
Microcystis aeruginosa Kützing was inoculated in two different media. The growth media used were Bold Modified Basal Freshwater Nutrient Solution (Sigma-Aldrich, St. Louis, MO) and unfiltered water from Lake Sinclair, Georgia. On March 24, 2014, 500 mL of water from Lake Sinclair, Georgia was taken from the surface of the lake and placed into a brown Nalgene bottle to deprive the plankton community of light and prevent further growth and reproduction. The sample was homogenized by shaking the sample to ensure an even distribution of the phytoplankton and zooplankton community. Known volume of the lake water was observed under 400× magnification to document the phytoplankton and zooplankton community. 0.1 mL of lake water was placed into a Palmer-Maloney counting chamber and a minimum of 250 live units were counted and identified to the lowest taxonomic level. Following completion of experimental setup, the remaining volume of lake water was preserved using 20% formalin by volume.
Bold Modified Basal Freshwater Nutrient Solution (Bold's) is a common algal growth medium used in experimental work with M. aeruginosa [18] . A stock solution of Bolds medium was created following standard protocol (Sigma Aldrich, #B5282). The resulting stock medium solution contains 1000 mg/L nitrogen and phosphorous.
Experimental Design
Five different treatments and a control group in triplicates were created using 2 mL glass vials. The control treatment consisted of 2 mL of lake water only. All treatments consisted of 1 mL of the medium and 1 mL of UTEX 2385. Treatments differed by the initial M. aeruginosa cell density inoculation and the medium with which the cells were placed in. Three treatments consisted of M. aeruginosa and unfiltered lake water and these were termed low + lake, medium + lake, and high + lake, indicating the cell density and the medium used. Two treatments consisted of M. aeruginosa and Bolds freshwater medium and were termed low + Bolds and high + Bolds, indicating the cell density and the medium used ( Table 1) .
The low treatments were inoculated with a cell density of 1069 cells. The medium treatment was inoculated with triple number of cells and the high treatments were inoculated with six times higher number of cells. An extensive literature review was done to determine these densities and they are similar to densities used in other experimental work. Each inoculate was 1 mL of culture respectively ( Table 1) . A total of 15 vials were inoculated per treatment to allow for sampling of 3 vials on each sampling day for a total of 15 days. The experiment was conducted in an incubator (Percival Scientific Inc., I-36VL, Perry, IA) under continuous light exposure at 22˚C.
Sample Analysis
Three vials of each treatment were removed at random on each sampling day for cell counting. Sampling was conducted every 3 days for a 15-day period. Counting was done on day 0, 3, 6, 9, 12, and 15 respectively. On each sampling day, each sample was preserved using 10% by volume formaldehyde. Each vial was shaken and 0.1 mL was removed and placed onto a Palmer-Maloney counting chamber. A minimum of 100-cell counts at 400 × magnification was conducted to determine the density of each sample. Biovolume was calculated by approximating the shape of each cell to a sphere [17] and taking the average of 100 cells. Biomass was then calculated by multiplying cell density by the average cell biovolume. Averages for cell density and biomass were calculated for each treatment on each sampling day. The growth rate, defined as the change in growth over time, for each treatment was determined by dividing the difference between the average cell densities of two sampling events by the amount of days between the sampling events, three. The growth rate was then plotted over time to determine the difference in growth rate over time between each treatment. Increase in average biomass throughout time for each treatment was determined by plotting the average biomass over time.
A one-way ANOVA was conducted to compare the effect of low and high initial cell density on the final cell density in the high + lake, medium + lake, and low + lake treatments and to compare the difference in final cell density between the two types of medium.
Experimental Design Run 2
In this run, the lake water to be used as medium was collected from the same location on September 20, 2014 following the same protocol as described above. Instead of using 2 mL glass vials, this run was conducted using 4 mL glass vials to allow for a larger amount of medium and more available volume when preserving samples. Each treatment was inoculated with 2 mL of medium and 1mL of UTEX 2385 of varying densities. The densities from the first run were replicated as close as possible by diluting the stock culture. The control treatment was consisted of 3 mL of lake water only. The low initial cell densities were inoculated with 1064 cells. The medium treatment was inoculated with triple number of cells and the high treatments were inoculated with seven times higher number of cells ( Table 1 ). All sample analysis and protocols were replicated from the first experimental run.
Results
The lake water collected in March contained numerous genera representing specimens from Chlorophyta (green algae), Euglenophyta, Bacillariophyceae (diatoms), and Cyanobacteria. The community was dominated by diatoms, representing over 50 percent of the community. Cyanobacteria were the second most abundant community observed in Lake Sinclair in March representing 25 percent of the community. Zooplankton was also observed in the natural community of Lake Sinclair including Bosmina and Daphnia.
Cell density of Microcystis aeruginosa increased for each treatment during the course of the 15-day experiment and there was no M. aeruginosa observed in the control group during either experiment runs. In experimental run 1, treatments inoculated with a low initial cell density, low + lake and low + Bolds, reached final cell densities of 495,894 ± 79,440 cells/mL and 408,646 ± 14,441 cells/mL, respectively In experimental run two, the treatments inoculated with a low initial cell density, low + lake and low + Bolds, reached lower final cell densities of 9504 ± 113 cells/mL and 8682 ± 95 cells/mL, respectively. The lake water treatment inoculated with a medium cell density of M. aeruginosa reached a final cell density of 850,581 ± 150 cells/mL in the first run and 24,217 ± 752 cells/mL in the second run. The high initial cell density treatments in run 1, high + lake and high + Bolds, reached final cell densities of 1,836,257 ± 198,928 cells/mL and 1,616,927 ± 23,374 cells/mL, respectively ( Table 2 ). In the second run, the treatments inoculated with a high initial cell density, high + lake and high + Bolds, reached lower final cell densities of 35,635 ± 1636 cells/mL and 32,137 ± 1329 cells/mL, respectively ( Table 2) .
Biomass of M. aeruginosa increased throughout the course of both experimental runs, with the treatments inoculated with the highest cell density, high + lake and high + Bolds, reaching the highest biomass on day 15. The high + lake treatment in run one had the highest final average biomass of 41,201,789 ± 3,644,455 μm 3 , which was higher than the high + lake treatment in experimental run 2, which reached a final average biomass of 799,579 ± 36,716 μm 3 ( Table 3 ). The treatments inoculated with the lowest cell density had the lowest final average biomass. The low + Bolds treatment in run one had a final average biomass of 9,169,159 ± 264,572 μm two which was lower than the value in run one ( Table 3 ). The medium treatments in both runs had a final average biomass higher than the both the low initial cell density treatments but lower than the high initial cell density treatments.
Changes in Algal Growth Rates
In experimental run one, between day zero and day three, the logarithmic growth rate of M. aeruginosa for each treatment was between 1.5 and 1.97 with the low + lake treatment having the highest growth rate, 1.97, and the med + lake having the lowest growth rate, 1.51 between the first three days (Figure 1) . Microcystis aeruginosa growth rate of all the treatments decreased after day three. Microcystis aeruginosa in the high + lake treatment had its lowest growth rate between day 9 and 12 ( Figure 2) . Microcystis aeruginosa in the high + bolds treatment experienced its lowest growth rate between sampling day 12 and 15, and M. aeruginosa in the low + Bolds treatment experienced its lowest growth rate between sampling days 12 and 15 as well (Figure 2) . No growth of M. aeruginosa was documented in the control group throughout the experiment.
In experimental run two, the growth rates of M. aeruginosa were highest in all treatments between day 0 and 3 as well, however the growth rates were lower than those observed in run 1 and ranged between 0.18 and 0.59 with the low + lake and low + bolds treatments having the highest growth rate between the first three days and the high + lake and high + bolds treatments had the lowest growth rate during the initial growth phase ( Figure  3) . This result is similar to that observed in run 1. Microcystis aeruginosa growth rate decreased in all three treatments after day 3 (Figure 4) .
In experimental run 1, during the initial growth period, between day 0 and day 3, M. aeruginosa grew at same rate regardless of the initial cell density or the growth medium used. In this run, the growth rates of the low initial cell density treatments were always higher during this initial growth period compared to the high cell density treatments. In experimental run 2, during the initial growth period, growth rates were always higher in the low cell density treatments. The high cell density treatments always had a significantly lower growth rate, regardless of medium, during the initial growth period compared to other treatments. Initial cell density effect was compared to the final cell density in the three lake water treatments. There was a significant effect of initial cell density on final cell density at the p < 0.05 level for the three lake water treatments in experimental run 1 (ANOVA F[ 2, 6 ] = 63.61, p < 0.001) and experimental run two (ANOVA F[ 2, 6 ] = 316.27, p < 0.001). Higher cell initial cell densities cause M. aeruginosa to grow to higher final cell densities than those treatments with low initial cell densities. This result is true in both lake water and bolds medium. The effect of initial cell density was compared to the final cell density in the two bolds treatments (low + Bolds and high + Bolds). There was a significant effect of initial cell density on final cell density at the p < 0.05 level for 
Discussion
This study showed that initial cell densities of M. aeruginosa will affect the cell density after a 15-day period [16] demonstrated a relationship between Microcystis cell density and microcystin synthesis indicating that an increase in Microcystis cell density increases the potential for a toxic algal blooms. Their study showed that an increase in Microcystis cell abundance to high cell densities greater than 3,000,000 cells/mL cause an increase in associated microcystin quotas. The cell densities in the Wood et al. [16] experiment were much higher than the final cell densities in this experiment, but these results are significant when considering microcystin production during bloom formation of Microcystis cells. The highest final cell density in run two of M. aeruginosa during this experiment was 35,635 ± 1636 cells/mL. The cell densities of the two high initial cell density treatments and the medium + lake water treatment are classified into the moderate probability of health effects according to the guidelines provided by World Health Organization [19] . This is important in natural systems because a higher ambient cell density could have the potential to grow to significantly higher cell densities if conditions encourage M. aeruginosa proliferation. A change in conditions that lead to an increase in cell density of M. aeruginosa can cause more microcystin synthesis in these cells, thus leading to potentially toxic blooms [16] .
The growth medium chosen had no effect on final cell densities under laboratory conditions. Final cell densities were slightly higher in the high initial cell density treatments, however these results were not significant indicating that growth medium has no significant effect. This indicates that M. aeruginosa will reach similar final cell densities regardless of the growth medium it is inoculated in under laboratory conditions. This result is important when trying to replicate bloom conditions in the laboratory. While studying microcystin production under laboratory conditions using axenic cultures has provided valuable information [20] [21] it has been shown that alterations occur in cyanobacteria that is maintained in culture for extended periods of times. These alterations include the loss of colonial morphology or the loss of toxin production [22] [23] . These results are significant because UTEX 2385 is a pure culture of M. aeruginosa that has been maintained in laboratory conditions for an extended period of time. The loss of some the important characters over time could have affected the final cell densities within this experiment creating difficulty when attempting to replicate bloom conditions.
The strain used in this experimental study, having been maintained in culture since 1954, may not have been exposed to various recent environmental cues as other populations, which could prevent the culture from expressing the typical traits of bloom forming M. aeruginosa. These cues include an increase in global temperature levels and an ever increasing incidence of eutrophication in waters across the globe. Microcystis aeruginosa exists in various different size and morphological variations thus making it difficult to find a strain accurately representing the natural population.
A study by Long et al. [24] showed that cellular microcystin content of nitrogen limited cells can be predicted from growth rate, with faster growing cells containing higher intracellular concentrations of microcystin. While this experiment was not conducted in nitrogen limited conditions it may have some implications in determining potential toxicity from growth rate. Faster growing cells may contain higher intracellular contents of microcystin than slower growing cells and in this experiment those treatments inoculated with higher initial cell densities had a higher growth rate indicating these cells could have more intracellular microcystin however this is unlikely due to the fact that the experiment was not done in nitrogen limited conditions and the same culture was used throughout the experiment.
There was a difference in the final cell densities reached in all treatments in experimental run one compared to those of experimental run two. The first run's highest cell density reached was 1,836,257 cells/mL, which would fall into the WHO guideline of a high probability of acute health effects. The second experiment run's highest density was 98 percent lower than this number at 35,635 cells/mL, which fell into the WHO guideline of a moderate probability of acute health effects [19] . This broad range of densities reached proves that it is difficult to replicate naturally occurring cell densities in the laboratory to develop sound management practices. Second experiment was done with water collected in fall and potentially chemical or other queues for faster growth were missing and the cells were preparing to overwinter.
The differences in densities between the two runs could be caused by a number of factors including difference in conditions in the lake water collected in March 2014 compared to that of September 2014. The present algal community placing competitive pressures on M. aeruginosa needs further investigation to determine any present taxa that be have been competing for resources in run two compared to that of run one. The high levels of other present taxa in Lake Sinclair including other cyanobacteria potentially played significant competitive pressures on M. aeruginosa. Filamentous cyanobacteria compete with M. aeruginosa and as Li and Li [25] found with Anabaena and Microcystis, the cyanobacteria with the higher initial cell density will outcompete the other. From an ecological perspective, keeping a high biodiversity of the phytoplankton community will ensure low abundance and density of M. aeruginosa, which reduces the potential for toxic blooms.
The presence of zooplankton and aquatic herbivores could have affected the final cell densities reached in each experimental run. Some aquatic herbivores, especially copepods like Bosmina, actually can facilitate cyanobacterial blooms by selectively grazing on non-cyanobacterial prey [26] . The high presence of zooplankton in March could explain the significantly higher cell densities in run one because cyanobacteria are often regarded as a poor food source for zooplankton [27] and thus feed any other available groups such as diatoms, Euglenoids, and green algae.
Multiple studies have indicated that Microcystis species proliferate in conditions of increased nitrogen; phosphorus or both [21] [28] [29] and this could have been the reason the final densities were much higher in run one compared to run two. Bolds medium has luxurious nutrient concentration and the documented similar growth in the lake water suggests high availability of nutrients.
Changes in M. aeruginosa Growth Rates Based on Initial Cell Densities
The growth rates in this experiment during the initial growth phase were similar to those growth rates observed by Davis et al. [30] for M. aeruginosa in field experiments. The growth rates they observed in elevated temperatures in four different systems were between 1.17 and 1.87. They observed the highest growth rates in elevated temperatures whereas the highest growth rates observed in this experiment were observed in the treatments with a lower initial cell density of M. aeruginosa. Temperature was not a measured factor in this experiment but previous research indicates that elevated temperatures can increase growth rates by 2-3 fold [30] . Davis et al. [30] did not observe increases in growth rate as a result of increases in nutrients and this result is important in our experimental results. This experiment was conducted in optimum nutrient conditions thus indicating that the high growth rates observed in the initial growth phase, followed by a decrease in growth rates after day 3, were potentially being impacted by other environmental parameters.
In both experimental runs, there was a difference in carrying capacity between the treatments. In experimental run two there was no carrying capacity observed in the high treatments and medium treatments but for the low treatments carrying capacity was observed. This difference in carrying capacity could be a consequence of a number of factors. The treatments with high initial cell densities will grow at to a higher density quicker and will reach carrying capacity somewhere after day 15 because the resources will be limited. While it looks like carrying capacity has been reached in the low treatments, the low cell densities will grow slower over time but had this experiment been carried out for another 15 days it is very possible the low treatments would actually continue to grow and the high cell density treatments would reach carrying capacity.
Monitoring ambient M. aeruginosa cell densities could prove to be an important step in mitigating the potential of a toxic algal bloom as the results indicate that higher ambient cell densities proliferate to significantly higher cell densities. A continued increase of M. aeruginosa cells can have the potential to produce more microcystin as indicated by Wood et al. [16] .
Suppressing M. aeruginosa cells and keeping this cyanobacterium at a low ambient density could help prevent the possibility of toxic cyanobacterial blooms in aquatic systems. Natural conditions have proven difficult to replicate in laboratory experiments and further research is needed to determine the effects of temperature, nutrients, and light on the growth and proliferation of M. aeruginosa in lake water in an attempt to gain sound scientific data to assist in the development of future management plans concerning freshwater algal blooms.
Conclusion
The occurrence of toxic algal blooms is increasing throughout aquatic habitats in the United States, and it is becoming urgent to develop a better understanding of the dynamics of cyanobacteria proliferation in aquatic habitats to develop solutions in preventing these occurrences. This research contributes to the understanding of toxic algal ecology and is the first experimental work in the southeastern United States providing evidence of differential toxic cyanobacteria growth under varying competitive interactions and density conditions. Allowing strong competitive interaction within algal community under low nutrient conditions and high algal diversity is proposed as a prevention of toxic algal bloom growth in natural habitats.
